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The electronic properties of two-dimensional (2D) van der Waals (vdW) materials are highly sensitive to the local atomic arrangement 1, 2 , which offers tremendous opportunities for band structure engineering. In transition metal dichalcogenides (TMDs), for instance, the band gap can be tuned by choosing different MX2 (M = Mo, W…; X = S, Se, Te) compounds and alloys 3, 4 , changing the number of layers 5, 6 , vertical stacking or lateral stitching of different materials 1, 2, 7 , and in the case of vertical heterostructures, varying the twist angle between the atomic layers 8, 9 .
Moreover, broken crystalline symmetry at the edges and hetero-interfaces of vdW materials may lead to the emergence of new electronic states in the band structure 10, 11 , which could even become topologically nontrivial in certain cases [12] [13] [14] . Taken into account these possibilities, the local band structure in 2D materials and heterostructures can be readily explored for electronic applications, provided such spatial variations are well understood and controlled [15] [16] [17] .
Many optoelectronic applications such as photodetectors and photovoltaic devices require photo-excitation of mobile carriers by above-gap illumination and the subsequent charge transport 18 . In conventional photocurrent spectroscopy (PCS) experiments 19 , the sample is illuminated by a wavelength-tunable light source and the induced photocurrent is measured as a function of the photon energy. For spatially resolved studies, scanning photocurrent microscopy (SPCM) with a diffraction-limited resolution of 0.5 ~ 1 m can map out the photo-generated current across the source and drain electrodes when a focused laser beam scans over the device 20 .
The SPCM signal is usually strongest near the electrodes because the current is most effectively generated in regions with a large electric field. Its interpretation can be further complicated by carrier diffusion, Schottky contact, thermoelectric and bolometric effects [20] [21] [22] [23] , making it unsuitable to investigate spatial variations of intrinsic material properties. For thin films deposited on metallic substrates, the light-induced conductance can also be detected by conductive atomic-force microscopy (C-AFM) 24 , which again suffers from the extrinsic Schottky effect. Here, we report the imaging of intrinsic photoconductivity in a monolayer-bilayer (ML-BL) WSe2 lateral heterostructure by microwave impedance microscopy (MIM) 25 with light stimulation at multiple wavelengths. Taking advantage of the capacitive coupling, the MIM can perform noninvasive nanoscale photoconductivity imaging without the need for electrical contacts 26, 27 . As the photon energy of excitation lasers increases from 1.16 eV to 2.78 eV, the photo response first appears along the ML-BL interface and the BL edge, then along the ML edge and inside the BL bulk, and 4 finally in the interior of the ML. The spatial evolution of photo response is consistent with the variation of local band gaps calculated by the first-principles method. The mesoscale photoconductivity mapping fills an important void between atomic scale characterization and device-level transport measurements. Our results suggest the exciting possibility of controlled inplane band-gap engineering on the length scale of nanometer, which is uniquely enabled by atomically thin lateral heterostructures and may lead to completely new integrated devices.
The WSe2 nano-flakes were grown on double-side polished sapphire substrates by chemical-vapor deposition (CVD). Fig.1a shows an optical microscopy image of the as-grown flakes, where the monolayer and bilayer regions display different optical contrast. In this work, we focus on flakes with both regions, i.e., on a ML-BL lateral heterostructure whose layer thickness was confirmed by the AFM image in Fig. 1b Raman maps by integrating these three modes are shown in Supporting Information Figure S1 .
The PL signal of monolayer WSe2 at ~780 nm is much stronger than that of the bilayer area at ~794 nm due to the direct-to-indirect-gap transition 5, 6, 29, 30 . In order to determine the atomic arrangement of the sample, we carried out high-resolution imaging by transmission electron microscopy in the scanning mode with high-angle-annular dark-field (HAADF-STEM) 31 around the monolayer edge (Fig. 1e) , hetero-interface ( Fig. 1f ) and bilayer edge (Fig. 1g) . The ADF-STEM images show the expected hexagonal structures in the interior of the flakes, with clear contrast between the ML and BL regions. The ML-BL heterojunction and sample edges display a mixture of zigzag and armchair patterns, as well as many defective bonds. At the atomic length scale, therefore, these CVD-grown WSe2 lateral heterostructures are characterized by ordered 2D crystals in the monolayer/bilayer regions and disordered 1D edges and interfaces.
We now investigate the intrinsic band-gap variation in the as-grown ML-BL WSe2 sample on sapphire substrates using light-stimulated MIM 26, 27 , which is based on a commercial AFM platform (Park Systems XE-100). In this work, several diode lasers (pigtail laser diodes from Thorlabs, Inc.) with wavelengths ranging from 1065 nm to 446 nm are guided by a single-mode carrier mobility due to defects and strain field. The wavelength-dependent photoconductivity imaging allows us to construct a qualitative band configuration in Fig. 2d . Because of the discrete excitation lasers in this experiment, the gaps are only determined within a range of energies. Future work using a light source with continuously tunable wavelengths will allow a more precise measurement on the nanoscale energy gaps. In a recent scanning tunneling microscopy/spectroscopy (STM/S) study on a similar CVD-grown WSe2 sample on graphite 35 , the band gaps at the ML-BL interface, BL bulk, and ML bulk were measured to be 0.8 eV, 1.8 eV, and 2.5 eV, respectively, which are in reasonable agreement with our findings.
Quantitative understanding of the MIM data can be obtained by finite-element analysis (FEA) of the tip-sample interaction 33 . We first discuss the 1D features in the sample, which are modeled as narrow nanoribbons in the simulation. Details of the FEA modeling are presented in Supporting Information Fig. S4 . Note that the simulation results are invariant with respect to the 1D conductance 1D = 3D  t  w, where 3D, t, and w are the 3D conductivity, thickness, and width of the conductive channel, respectively. As shown in Fig. 3a , the MIM-Im signal (proportional to the tip-sample capacitance) increases with increasing 1D and saturates at both insulating and conducting limits, whereas the MIM-Re signal (proportional to the electrical loss) peaks at an The linear σ -P relation in Fig. 3d suggests that mobile carriers in the photo-induced conductive edges and interfaces follow the usual Drude behavior 18 , i.e.,
where η is the incident photo-to-electron conversion efficiency (IPCE), n and p are the photogenerated electron/hole density, e is the electron charge, τn and τp are the electron/hole lifetime, µn and µp are the electron/hole mobility, and hv = E is the photon energy. The roughly factor-of-two difference between photoconductivity in the ML and BL edges may be attributed to the difference in IPCE 36, 37 . In other words, the recombination and scattering events are rather similar in these quasi-1D conductive channels.
To further investigate the hetero-interface and edge states in WSe2, we have performed first-principles density functional theory (DFT) calculations. It is known that perfect zigzag edges in TMD materials are metallic in nature 10, 38 . However, the actual edges and interfaces in our samples, as previously shown in the STEM images, consist of a disordered mix of zigzag, armchair, and bearded configurations. In this work, we calculate the semiconducting armchair edges in Fig.   4a , where the additional electronic states are evident inside the bulk gap. These topologically trivial states localized at the edges and interfaces are highlighted in the diagram in Fig. 4b . The calculated direct gaps at the  point (  ) are summarized in the table in Fig. 4c . The narrowest energy gap of ~ 0.25 eV occurs at the BL edge and the ML-BL junction, whereas a slightly wider gap of 0.32 eV is seen at the ML edge. Larger gaps are obtained in the BL bulk (~ 1.15 eV) and ML bulk (~ 1.24 eV) regions. Since the DFT method usually underestimates the energy gap values, the theoretical calculation is in good qualitative agreement with our experimental observation.
Finally, the high quality of the MIM data allows us to quantitatively compare the photoresponse between the ML and BL regions when the sample is illuminated by the above-gap  = 8 446 nm laser. Fig. 5a shows selected MIM-Re images under several laser intensities (complete set of data in Fig. S2 ). The MIM-Re and MIM-Im signals in the two bulk areas are plotted in Fig. 5b .
Using the FEA modeling (Supporting Information Fig. S4 ), we can again obtain the Drude-like linear σ -P relation in Fig. 5c , here the sheet conductance 2D = 3D  t. Compared with the ML region, the 20-times enhancement of photoconductivity in the BL region can be understood as follows. First, the IPCE of the BL is roughly twice as high as that of the ML, i.e., ηBL = 2ηML = 0.2%, due to the difference in thicknesses 36, 37 . To obtain the information on carrier mobility, we fabricate ionic-liquid-gated devices on several monolayer and bilayer WSe2 flakes for transport measurements. As shown in Fig. 5d , the measured hole mobility of the BL and ML flakes is about 33 and 9 cm 2 ·V -1 s -1 , respectively, consistent with previous studies 39 . Assuming that the majority photo-generated mobile carriers are p-type in WSe2, i.e., τp >> τn, we can estimate the lifetime in the bilayer and monolayer regions to be 30 ns and 10 ns, respectively. The longer carrier lifetime in the BL region than that in the ML region is a result of the indirect-to-direct gap transition 6 , which is driven by the presence (absence) of interlayer coupling in bilayer (monolayer) WSe2.
In summary, we report light-stimulated microwave imaging on CVD-grown monolayer- where the Se and WO3 vapors were brought to the sapphire substrates by an Ar/H2 flowing gas.
The center heating zone was heated to 900 o C and kept for 15 min for the growth of WSe2 crystals.
Finally, the furnace was cooled down to room temperature after the heater was turned off.
STEM sample preparation. The sample was coated by the polymethylmethacrylate (PMMA) A8 resist to support the film during the transfer process. To separate the film from the sapphire substrate, the sample was soaked in an HF solution (HF:H2O = 1:3) for 15 min. After rinsing with deionized water for several times, the sample was dipped into the water by the tweezer to release the film from the substrate. With the film floating on the water surface, we used a QUANTIFOIL holey carbon films on 400 Mesh Nickel TEM grid (Agar Scientific) to scoop the film. The PMMA-A8 polymer was then removed by acetone steam. The TEM grid with samples was finally baked in vacuum (< 1  10 −6 torr) at 300 o C for overnight to remove the PMMA residue. 
